The provocative experiments of Staub (1) on the color of blood in arterioles of rapidly frozen lungs prompted us to investigate the quantitative aspects of gas exchange in vessels larger than capillaries in a living animal. His study raised the question of whether the amount of precapillary gas exchange is sufficient to invalidate the physiologic measurement of a) intrapulmonary right to left shunt while breathing oxygen (2), b) pulsatility of pulmonary capillary blood flow (3), and c) pulmonary arterial blood volume (4). We shall show both by measurements utilizing the ether plethysmographic method (4, 5) in a living dog and by calculations of the diffusing capacity of the pulmonary arterial system in a mathematical model that precapillary gas exchange is insufficient to invalidate the aforementioned techniques.
The provocative experiments of Staub (1) on the color of blood in arterioles of rapidly frozen lungs prompted us to investigate the quantitative aspects of gas exchange in vessels larger than capillaries in a living animal. His study raised the question of whether the amount of precapillary gas exchange is sufficient to invalidate the physiologic measurement of a) intrapulmonary right to left shunt while breathing oxygen (2) , b) pulsatility of pulmonary capillary blood flow (3) , and c) pulmonary arterial blood volume (4) . We shall show both by measurements utilizing the ether plethysmographic method (4, 5) in a living dog and by calculations of the diffusing capacity of the pulmonary arterial system in a mathematical model that precapillary gas exchange is insufficient to invalidate the aforementioned techniques.
Methods
Theory. The injection of ether dissolved in alcohol into the pulmonary artery of an apneic dog enclosed within a body plethysmograph produces a rise in plethysmographic pressure. This is due to the dissolved ether in the blood becoming gaseous in the alveoli and signals the arrival of ether at the site where the major portion of gas exchange takes place. If ether is dissolved in Lipomul,' a fine emulsion of cottonseed oil in water, ether evolution in the lungs is not delayed because the particles of the emulsion are so small that they pass through the pulmonary capillaries (4). However, if ether is dissolved in kerosene, the rate of ether gas evolution from the kerosene is retarded, presumably because kerosene lodges in a pulmonary vessel that limits the diffusion of ether (5) . The rapid injection of one liquid into another liquid with which it is immiscible produces droplets whose size is related to the velocity of injection and the kinematic viscosities of the liquids (6) . The size of the kerosene droplets containing the ether can be estimated micro-* Submitted for publication January 30, 1964; accepted June 4, 1964. Supported in part by grant HE 4797 from the U. S. Public Health Service. (7) . The droplets will be arrested by vessels equal to their diameter, and ether will diffuse from the droplets through the vessel wall into the alveoli. The droplets may undergo deformation and breakup, but extrapolating from measurements of the time necessary for breakup of large liquid bubbles entering a constriction of a tube (8) , this probably would not be a significant factor during the time needed to generate an ether curve. Pulmonary arterial circulation time. Eighteen mongrel dogs weighing 14 to 21 kg were used in these experiments. The dogs were anesthetized with sodium pentobarbital, 25 mg per kg, intravenously. A 7F Cournand catheter was introduced into the external jugular vein and passed into the pulmonary artery under fluoroscopic guidance in all of the dogs. In three dogs, additional 7F cardiac catheters were passed into the pulmonary artery and into the left ventricle from the internal carotid artery. In three other dogs, an 8F double lumen balloon catheter was passed into the pulmonary artery. Each animal was enclosed within a horizontal Plexiglas body plethysmograph (4), paralyzed with succinylcholine, and ventilated with a Starling pump. Intravascular pressures were measured by strain gauges,8 and plethysmographic pressure was measured by a differential strain gauge connected to a direct writing recorder.5
The plethysmograph was calibrated by injection and withdrawal of 10 ml of air with a syringe such that a deflection of 25 mm was obtained on the record. After calibration, 0.5 ml of a 1:4 ether in alcohol solution was instilled into the 7F Cournand catheter. The respiratory pump was stopped, its tubes clamped, and the ether solution flushed into the pulmonary artery with 5 ml saline delivered by a pressure injector 6 The rise in volume from Vo to V, is due to the injection of 5 ml saline to flush the ether solution from the catheter. The rise in volume between V1 and V2 is due to evolution of dissolved ether from the pulmonary blood to gas in the alveoli.
The fall in volume between V2 and V1 is due to reabsorption of ether gas in the alveoli by ether-free pulmonary blood entering the pulmonary vessels. The median transit time is the time between the mid-volume point of injection (t1) and the mid-volume point of ether evolution (t2) and represents the time for half the ether to arrive at the site of gas exchange. The median transit time is prolonged when kerosene is used as a vehicle. ether gas into the alveoli. The median transit time is the interval between the time at which the injection artifact reaches half its maximal value and the time at which the rise of plethysmographic pressure caused by appearance of ether in the alveoli reaches half its peak value (4). Table I lists the results of comparisons in median transit times between ether in alcohol and ether in oil. In all 13 experiments with ether in kerosene or olive oil, there was a significant delay in the evolution of ether. The median transit time was prolonged a mean of 0.50 second (range, 0.17 to 0.99 second). In all four experiments with ether in the emulsion of 70%o olive oil in water and in all three trials with ether in the emulsion of 50%o kerosene in water, there was no significant delay in the evolution of ether gas compared to that from ether dissolved in alcohol. Cumulative frequency curves of droplet distribution for both in zitro and in vivo experiments with olive oil are shown in Figure 2 . In tvvo data for the kerosene vehicles were not obtained because of inability to stain the kerosene. In Table  II Temporary unilateral pulmonary arterial occlusion with a balloon catheter performed six times in three dogs decreased the median transit time for ether in alcohol a mean of 34%o, SD 4%o. In two experiments, the delay of ether evolution from kerosene was similar before and during unilateral pulmonary arterial occlusion.
Discussion
Site of impaction of oil droplets. The present experiments show that there is a limitation to exchange of a highly soluble gas, ethyl ether, between the blood and alveoli when the gas is dissolved in oil droplets greater than 44 /A in diameter but not when the gas is dissolved in droplets less than 24 u in diameter. However, the true size of the vessel occluded by the droplet depends upon other factors in addition to the droplet diameter. When a droplet reaches a pulmonary arteriole whose diameter is equal to its own, blood flow in that vessel approaches a standstill, and arteriolar pressure rises to arterial pressure. The magnitude of the rise may be as much as 25% of arteriolar pressure (9) . Assuming a compliance of 6.5 X 109 ml per cm H20 and a blood volume of 1.23 X 10-8 ml for a pulmonary arteriole 30 u in diameter ( 10) and a change in pressure of 4 cm H2O, one can calculate that arteriolar diameter might increase 6%o after impaction of the droplet. After impaction, the droplet may deform from a spherical to an elliptical shape, but studies of the lung sections indicate that most droplets are spherical or only slightly deformed. In addition to the preceding, artifacts in the counting procedure also must be considered. All techniques of microscopic estimation of droplet size tend to underestimate the number of smaller droplets. In the animal experiments, droplets whose diameter was the same or less than the pulmonary capillaries would have passed through the pulmonary vascular bed by the time the animal was killed. Large droplets that passed through arteriovenous anastomosis would not be counted, too, but evidence has been presented that this is of little consequence during the first circulation (11) . In the final analysis, the true size of vessels occluded by the droplets might be smaller than the measured droplet diameters, and hence the latter should be considered an approximation only.
The rates of ether evolution from the injection of ether dissolved in the 70% olive oil in water emulsion and ether dissolved in alcohol were the same. This indicated that equilibration of ether between the alveoli, blood, and tissues might be complete at the site where the droplets of the emulsion had impacted. An alternative explanation that it might be the result of ether dissolved in the water phase of the emulsion diffusing from the capillaries does not seem tenable, since only 14%o of the injected ether was dissolved in the water phase, and the volume of ether evolved was similar for ether in both alcohol and emulsion injections. An unknown quantity of ether will, however, diffuse from the oil droplets to the blood during transit from the injection to the impaction site. This cannot be readily calculated but is probably small, since droplets only 20 tu in diameter larger than the emulsion droplets gave a significant delay in evolution of ether.
Physiologic significance of the rate of ether evolution from oil vehicles. The factors that might be responsible for the delay in evolution of ether gas through arterioles 44 pt in diameter or larger include a delay in arrival of the droplets at the site of gas exchange, too few droplets delivered to the arteriolar lumen, and limitation of diffusion of ether from the oil vehicle through the vessel wall or through the alveoli. Delay in arrival of the droplets at the site of gas exchange might occur because of the droplets' flow resistance, which is a function of droplet size and the ratio of the droplet viscosity to the viscosity of blood. However, the similarity of results for both injections of ether in kerosene that had a kinematic viscosity of 1.39 centistokes at 250 C,7 and ether in olive oil that had a kinematic viscosity of 16.48 centistokes at 250 C 7 makes this factor unlikely. Further, the increase of velocity of pulmonary blood flow during unilateral pulmonary arterial occlusion did not alter the rate of ether evolution from oil.
Limitation to diffusion of ether from oil can be dismissed, for if there is no barrier to diffusion other than the oil itself, a droplet as large as 80 u in diameter would release 90%o of its ether within 0.005 second (12) . If a larger droplet is created from a standard volume of oil, there are fewer droplets delivered to the diffusing surface of the arterioles. When the injected volumes of ether dissolved in kerosene were varied from 0.3 to 2.0 ml, however, the delay of ether gas evolution compared to ether dissolved in alcohol was retained. It is also unlikely that the alveolar distance between pulmonary arterioles is great enough to significantly delay the equilibration of ether between alveolar air and the pulmonary tissues, provided there is no other limitation to diffusion. Distance between pulmonary arterioles is unknown, but the pulmonary arterial branching pattern from the main pulmonary artery to vessels of 1,000 IL in diameter has been shown to follow almost exactly the same pattern as the bronchial tree, and the vascular dimensions are nearly the same as the accompanying bronchi (13) . If one assumes an intra-alveolar distance of 1,000 u between vessels of 1,000 ju in diameter, the time required to reduce the alveolar concentration gradient of ether to 16% of its original value is 0.02 second, and for an intra-alveolar distance of 500 p, only 0.005 second (14) . Since the number of branchings of the pulmonary vessels far exceeds the' airways (13), the shorter distance between the smaller arterioles would lead to an even shorter diffusion time. Thus, the vessel wall itself appears to be limiting the diffusion of ether from the vascular system. The experimental results indicate that the anatomic precapillaries, vessels about 24 u in diameter, permit normal exchange of ether gas. However, these data were obtained with the blood flow stopped, whereas the physiologic situation dictates a flowing stream. In the latter circumstance, the ether might not spend enough time in this vascular segment to allow equilibration of the ether between blood, air, and tissue. Therefore, a mathematical model was devised to aid in the interpretation of the experimental results.
Gaseous diffusion through the vessel wall. The diffusing capacity of the vessel wall can be calculated for steady-state conditions by the following equations (15) .
where Dw is diffusing capacity of wall in milliliters per minute X millimeter Hg, 1 is length of vascular segment in centimeters, n is number of vessels of particular segment in centimeters, d is diffusion coefficient of gas in water in centimeters squared per second, X is solubility coefficient of gas in water in milliliters per milliliter water, r. is outer radius of vessel in centimeters, ri is inner radius of vessel in centimeters, A is surface area in centimeters squared, and h is wall thickness in centimeters. The first expression is for diffusion through a cylinder, but for ease of calculation the second expression of diffusion through a membrane does not introduce a significant error.
With the lungs of a 7-kg dog as a model, the -number and length of the pulmonary arteries and arterioles can be approximated from the formulas of Engelberg and DuBois (10) . For the calculation of inner and outer radii and wall thickness, the ratio of wall thickness to total diameter for vessels from 0.001 to 0.010 cm in diameter can be assumed to be 0.10; for vessels 0.010 to 0.10 cm, 0.09; and for vessels 0.10 to 1.15 cm, 0.08 (16, 17) . For the pulmonary capillaries, the surface area-can be approximated from the equation of Weibel and Gomez (13) , assuming an alveolar volume of 120 ml and pulmonary tissue plus capil- VESSEL DIAMETER. Diffusing capacity is for BTPS conditions for both ether and N20 and STPD for oxygen. The differences among ether, nitrous oxide, and oxygen are related mainly to differences of solubility in water. Although the diffusing capacity rises rapidly for the arterioles and precapillaries, the volumes of these segments are small compared to the capillaries. Thus, blood is not in contact with the arterioles and precapillaries long enough to permit significant amounts of diffusion of gas from the blood to the alveoli and pulmonary tissues.
lary volume of 45 ml. The mean capillary wall thickness is 0.5 u (18) . The diffusing coefficient of ether in water at 370 C is 1.25 x 10-5 cm2 per second (19) , and the solubility coefficient at 370 is 15.5 ml per ml water (20) . In Table II , representative values for vascular dimensions and diffusing capacity of the vessel wall are listed. Figure 3 is a semilogarithmic plot of the diffusing capacity of the vessel wall against the vessel diameter and the cumulative blood volume. The semilogarithmic scale was chosen for convenient display of the data. The graph shows that the rise in diffusing capacity is accelerated as the small arterioles are reached, but the vascular volumes of these segments are small, and blood is in contact with these segments for a short period compared to the capillaries represented by the upper plateau. The time in seconds ether spends in a vascular segment equals the volume of segment in milliliters divided by the pulmonary blood flow in milr I liliters per second [2] . These times are listed in Table III for an assumed pulmonary blood flow of 20 ml per second. The quantity of ether diffusing through the vascular wall is represented by the equation, dQ,/dt = (PB -PA+T+C) * Dw, [3] where dQ/dt is the volume of gas diffusing per unit time; PB the partial pressure of the gas in the blood; PA+T+C the partial pressure of gas, assumed to be equal in the alveoli, tissues, and capillaries; and Dw the diffusing capacity of the vessel wall for the gas. The following equations may be substituted in Equation 3 . ( XVB+ X(VT C) +VA) * [4] At time zero, the injection of 0.1 ml of liquid ether into the pulmonary artery is equivalent to the injection of 26 ml of ether gas in solution (4) . This solution mixes with the blood, the amount of blood in which it is diluted depending upon the rate of injection, the blood flow, and the velocity imparted to the injected ether. During inspiration of a gas, all the pulmonary vessels are exposed simultaneously to the gas rather than sequentially as they would be after injections of ether solutions into the pulmonary artery. In the case of oxygen, the diffusing capacities of the walls of the pulmonary arterial system for oxygen (Table III, Figure 3 ) are so small that back pressure in the blood can be neglected. If we assume a partial pressure gradient for oxygen of 600 mm Hg from alveoli to blood, calculations from the mathematical model for a 7-kg dog indicate that only 0.1%o of the 4.5 vol per 100 ml of oxygen added to the blood in the lungs is transferred in vessels from 8 to 20 u in diameter, and less than 0.0037o% in the rest of the pulmonary arterial system. This result does not conflict with observations in human subjects that before recirculation inspired hydrogen or oxygen is detected from the tip of a platinum electrode catheter, 2 to 4 mm in diameter, wedged into a pulmonary arterial branch. Since the platinum electrode was not calibrated during these experiments, the results were qualitative in nature (21) (22) (23) . Also, since the electrode is in contact with the arterial wall, the recording from the electrode probably reflects the gaseous tension in the arterial wall rather than the blood stream. In such a situation it can be calculated (12) that for an artery 2 mm in diameter the mean wall oxygen tension rises to 15% from its initial value toward alveolar oxygen tension during the 1 second required to register a curve from the electrode. Although diffusion of oxygen occurs at such sites, the diffusing capacity of the wall of these vessels is so small and the transit time for blood so rapid that negligible oxygen is transferred in terms of raising the oxygen saturation of the blood. It is more difficult to explain the semiquantitative results of Staub (1), who found that significant amounts of oxygen diffused across arterioles as large as 200 It in diameter while breathing oxygen. In our mathematical model with cessation of blood flow for the same period as Staub's experiments during the freezing of the lungs, there would not be sufficient transfer of oxygen across such vessels to turn the blood from blue to red. Since reflux of blood in the major pulmonary arterial branches normally takes place during diastole (24), reflux of oxygenated blood from the capillaries of the arterioles during the freezing procedure might contribute oxygenated blood to the arterioles. Summary The purpose of this study was to determine the size of vessels that permits the bulk of gas exchange in the lung. After injection of ether dissolved in alcohol into the pulmonary artery of an apneic dog enclosed within a body plethysmograph, pressure in the plethysmograph rises as ether arrives at the site of gas exchange. The time for ether evolution from ether dissolved in alcohol was compared to the time from ether dissolved in oil vehicles. The size of the oil droplet was measured both from in vitro experiments and from microscopic sections of the lung. The droplets are arrested in vessels whose diameter is equal to the droplet diameter. The time for ether evolution from droplets occluding vessels in the vicinity of the anatomic precapillaries is not meas-urably longer than the time required from injections of ether dissolved in alcohol. The time for ether evolution is delayed in larger vessels because rate of passage through the vessel wall is diffusion limited. Calculations from a mathematical model of the pulmonary arterial system of a 7-kg dog while the blood is flowing indicate that less than 0.2% of injected ether equilibrates across the arterial system before reaching vessels from 8 to 20 u in diameter (vicinity of anatomic precapillaries), 9% across the precapillaries, and the remainder across the first hundredth length of the anatomic capillaries. Other calculations indicate that during oxygen breathing less than 0.003%o of the oxygen added to the blood diffuses from the alveoli into the arterial system before the anatomic capillaries, and only 0.1%o diffuses into the blood while it is passing through the anatomic precapillaries.
